A genetic algorithm has been applied to the line profile reconstruction from the signals of the standard secondary electron (SE) and/or backscattered electron detectors in a scanning electron microscope. This method solves the topographical surface reconstruction problem as one of combinatorial optimization. To extend this optimization approach for three-dimensional (3-D) surface topography, this paper considers the use of a string coding where a 3-D surface topography is represented by a set of coordinates of vertices. We introduce the Delaunay triangulation, which attains the minimum roughness for any set of height data to capture the fundamental features of the surface being probed by an electron beam. With this coding, the strings are processed with a class of hybrid optimization algorithms that combine genetic algorithms and simulated annealing algorithms. Experimental results on SE images are presented.
Introduction
One class of popular methods for obtaining height information in the scanning electron microscope (SEM) is the use of multiple detectors [1, 2] . The detected signals are related to the surface slope of the area being probed by the electron beam. The height is derived by numerical integration of the slopes in the line scan direction. High resolution in height has been obtained. However, the conventional equipment of the SEM is not sufficient to carry out multiple-detector techniques. Another class of popular methods is the use of stereo pairs taken by tilting the specimen between photographs [3] [4] [5] [6] . The conventional equipment is sufficient to carry out stereometric techniques. However, specimen tilting results in lateral movement and a change in the working distance. The distortion of the image presents some difficulties for height measurements. In a different approach, a pair of images obtained by tilting the beam electrically is used to iteratively correct the lens focus so that the lens focus tracks the specimen topography [7] . High resolution in height over several decades has been obtained. However, the conventional equipment is not sufficient and the method requires prior specimen preparation to introduce surface features for image correlation.
The gray level of a pixel on the photographs is determined by the number of secondary electrons (SEs) or backscattered electrons (BSEs) that are collected by the detector system at that pixel position on the specimen. The number of SEs or BSEs that escape from a pixel on the specimen is determined by the topography of the specimen surface and the atomic number of the elements in the specimen at that pixel position. If both the atomic number of the elements in the specimen and the particular detector system in use in the SEM are known, then the problem should be an inverse problem (similar to the shape from shading [8] in the computer vision), in which the unknown surface slope at a pixel on the specimen is to be derived from the gray level of that pixel position on the photographs. Aristov et al. [9] and Kazmiruk and Stepanov [10] reported such an approach using a model of electron diffusion to compute BSE signals if the topography of a surface is known or to reconstruct this topography via the BSE signal. The method, however, poses some restrictions on a choice of sample elemental compositions and electron beam energy.
The signal processing operations in the techniques are almost always implemented as operations applied to the signals from a single detector or a single type of detectors. Oho and Ogashiwa [11] proposed a method for obtaining an SEM image with natural color information using an SEM operated under low vacuum or low voltage, a video microscope and a high-performance personal computer for digital signal processing. The images with both fine structures and color information are able to simplify the observation, interpretation and analysis of various samples.
Li et al. [12] proposed in 2002 to using genetic algorithms [13] , which are very widely applicable heuristic optimization techniques, as operations applied to the signals from two types of detectors in order to achieve accurate measurements of topography. In the technique we used the standard SE and BSE detectors because they are commonly available (low cost) and do not have the disadvantages of the multidetector systems. The technique will offer a flexible choice between quality and price, and the overall cost of this tradeoff will continue to decrease with advances in fabrication technology of digital computers. However, it is assumed that the specimen surface is inclined only to line scan direction, usually the X-direction and not to the Y-direction.
To be both broad in its applicability to a slope inclined to both the X-and Y-directions and capable of producing good results, we examine a number of string coding alternatives for mapping a finite-length string to the 3-D surface topography. This paper considers the use of a string coding where a 3-D surface topography is represented by a set of coordinates of vertices. In this coding, we introduce the Delaunay triangulation (a dual diagram of the Voronoi diagram) [14] which attains the minimum roughness for any set of the height data to capture the fundamental features of the surface being probed by an electron beam. In this paper we consider SE images but the approach is general enough to be extended to two or more types of images. This, however, would be too slow for practical 3-D topography measurements when using genetic algorithms. A genetic algorithm approach is relatively expensive in terms of computing time and resources. Bhandarkar and Zhang [15] have examined the advantages and limitations of the genetic algorithms and stochastic annealing algorithms [16] , and conclude that hybrid algorithms may be advantageous in combining the advantages of both procedures while alleviating their individual shortcomings. This paper explores a class of evolutionary computation based on a combination of the genetic algorithm and the simulated annealing algorithm.
Methods

Candidate solutions
The candidate solution of 3-D surface topography is represented by a set of coordinates of vertices as shown in Fig. 1 . Each vertex in a candidate solution has an x and a y address in addition to a number that indicates the height z of the vertex. The number of vertices in a candidate solution is not fixed, since it depends on the 3-D surface topography. There are two types of surface compositions: substrate and specimen. The height of the substrate surface is set at 0 and the height of the specimen surface is set >0.
If the specimen is tilted, then the substrate plane will be made to coincide with the tilt axis plane by changing the height of the substrate perpendicular to the tilt axis by a factor cos g, where g is the tilt angle.
Delaunay triangulations
One problem we face in mapping a set of coordinates of vertices to the 3-D surface topography is the choice of interpolant surface. In this paper we selected an interpolation procedure that involves Delaunay triangulations. The interpolation of z at an arbitrary address in the image involves three steps. First, we construct a triangulation of the set of coordinates in a candidate solution using the set of coordinates as vertices of the triangles. Next we identify the triangle that contains the arbitrary address and define the set of nearby points as the vertices of the triangle. Finally, we compute z using the values of z i (i ¼ 1, 2, 3) of the nearby points. The method used in the first step involves the Delaunay concepts. In the areas of finite element methods it is desirable that the triangulation avoids the occurrence of triangles with two highly acute interior vertex angles and that the triangles be as equiangular as possible, because elongated triangles reduce the ability of the triangulation to reflect local variation in z. In view of these advantages and the fact that the Delaunay triangulation is the only triangulation with this property, we create a procedure based on Delaunay triangulations to evaluate the objective function value associated with the given candidate solution as shown in Fig. 2 . First, we construct a Delaunay triangulation of a set of vertices in a candidate solution, resulting in the production of a 3-D surface topography. Next we compute the gray-scale values of the triangles using simplifying models of SE emissions and construct the image of a candidate solution by adjusting the gray-scale values using a difference in collection efficiencies of the detector. Finally, we compute a reconstruction error, which is the discrepancy between the measured and the calculated images, using an objective function.
In the second step the yield of SE emission d increases with increasing angle of incidence y measured relative to the surface normal of the triangles according to the following equation:
Changes in the collection efficiency of the detector can be caused by the different inclinations y of object details with respect to the electron beam and by shadowing effect, however, the extraction field of the detector is not strong enough to collect all emitted SEs. The collection efficiencies of the detector can be written in the following form:
f(E) is the energy distribution of SEs, E m (a, b) is the maximum energy of collected electrons for initial angles a and b (see Fig. 3 ), h(j) is the angular distribution of SEs, D is a domain in the (a, b)-space. The values of E m (a, b) are essentially independent of the position of the beam on the specimen, and are characterized by the geometry of detector in use in the SEM. We use the computed values of E m (a, b) based on an analysis on the Everhart-Thornley detector used by our group in the system of JEOL JSM-820. When defining the domains D, we assume that all SEs, which strike the surface of the other triangles, are absorbed. The domain is then obtained by examining the other triangles one by one for all initial angles a and b. To evaluate eq. (2), we use the energy and angular distributions:
4 and h(j) ¼ cos j, F being the work function. In order to construct the image of a candidate solution, we must calculate the gray-scale value at an arbitrary address in the image. The procedure used here identifies the triangle, which contains the arbitrary address, and then evaluates the collection efficiencies of the detector at the vertices of the triangle. Finally, we compute c at the arbitrary address using the values of c i (i ¼ 1, 2, 3) at the vertices of the triangle. The gray-scale value g is now given by g ¼ cdI, d being the yield of the triangle and I being the beam current.
Objective function
On the basis of the same hypothesis as w 2 -test for goodness of fit, the objective functions can be expressed in terms of the probability distribution P w 2 n À Á for the reduced chi-square w 2 n :
Here g i is a pixel gray-scale value of the measured image, G(x i ) is that of calculated image, s i is a standard deviation (SD) associated with undesirable high-frequency component of the measured image, n ¼ N À m is the number of degrees of freedom for fitting N data points (pixels) with m parameters.
Optimization techniques
Our reconstruction of 3-D surface topography consists of finding the set of coordinates of vertices in which the Delaunay triangulation approximates the unknown 3-D surface topography. Heuristic optimization techniques are used to estimate the number of vertices on the 3-D surface topography as well as the vertex coordinates from measured images.
Genetic algorithms are computationally simple yet complex in their search for improvement. Furthermore, they are not fundamentally limited by restrictive assumptions concerning continuity, existence of derivatives and unimodality with respect to the search space. The actual implementation in the reconstruction of 3-D surface topography is shown in Fig. 2 . An initial population of potential solutions is created from 3-D surface topographies that have a four-faced polyhedron-shaped specimen on a substrate surface, and the objective function of eq. (3) is evaluated for each topography. Two mates are selected by a linear search through a roulette wheel with slots weighted in inverse proportion to objective function values. The vertices of the two mates are partially exchanged by a line that is chosen at random and separates the X-Y plane into two half planes as shown in Fig. 4 . A vertex chosen at random in the X-Y-Z space is added to the newly generated 3-D surface topographies.
A detailed analogy with annealing in solids provides a framework of simulated annealing algorithms for optimization of the properties of very large and complex systems. The actual implementation used for the comparisons is shown in Fig. 5a . In each step of this algorithm, a solution is given a small random perturbation and resulting change DE in the objective function is computed. If DE 0, the perturbation is accepted, and the perturbed solution is used as the starting point of the next step. The case DE > 0 is treated probabilistically. Random numbers uniformly distributed in the interval (0, 1) is selected and compared with P(DE) ¼ exp(ÀDE/kT ), where k is Boltzmann's constant and T is temperature. If it is less than P(DE), the new solution is retained; if not, the original solution is used to start the next step. The temperature is reduced gradually so that the equilibrium Boltzmann distribution for each present temperature is reached.
There are ways in which the genetic algorithms and stochastic annealing algorithms could be combined. The approach that is taken in this paper is simulated annealing with genetic algorithm like operators. The genetic algorithm operators are treated as solution perturbation strategies in a population-based simulated annealing algorithm. The actual implementation that combines the genetic algorithm and simulated annealing algorithm is shown in Fig. 5b . In each step of this algorithm, a solution is paired with one of its new solution and the resulting change DE in the objective function is computed. If DE 0, the replacement is accepted, and the new solution is entered into the new population of the next step. The case DE > 0 is treated probabilistically in the same way as simulated annealing. At a high effective temperature, the replacement is purely random, whereas at lower temperature, the fitter solution is preferred resulting in a greedy or local search. Such a hybrid algorithm can be shown to retain the asymptotic convergence properties of simulated annealing and yet benefit from faster convergence resulting from the diversity of solutions in the population, and has been found to yield very good solutions in practice.
Results and discussion
The 3-D surface topography reconstruction algorithms based on the genetic algorithm, the simulated annealing algorithm and the hybrid algorithm were implemented and tested on several types of specimens. In this paper we present and compare results obtained from each of these algorithms on the specimen shown in the inset in Fig. 6 . The inset shows an SEM micrograph of a polystyrene latex 1.0 mm in diameter.
The specimen was coated with gold. The accelerating voltage was 30 kV and the beam current was 420 pA. A digital image of 200 Â 200 pixels quantized into eight bits has been used for reconstructions. Figures 6 and 7 are results of the hybrid algorithm on the gray-scale image. We assume that the probabilities of crossover and mutation in this test are 0.8 and 0.1, respectively. Figure 7 shows the Delaunay triangulations and the calculated images obtained from the evaluate phase for the best individuals in the generation 1, 50, 100 and 1000. The Delaunay triangulation gives a good-quality mesh for the given set of vertices. In the first generation, a good solution is found with a small number of vertices. As the run continues, further improvement is found in both the set of vertices and its image. This shows that the interpolant based on the Delaunay triangulation is sufficient for the problem we face in mapping a set of vertices to the 3-D surface topography. Figure 6 shows the reconstruction result of 3-D surface topography. The number of generations was 1000 and it takes $1.0 Â 10 5 s to obtain this result with a Dell PowerEdge 600SC server powered by Pentium 4 processor (2.40 GHz). The program has been written in 'C' using Linux Operating Environments. Our method provides a 3-D surface topography by integrating the gradient of the specimen. If there is a vertical gap between successive pixels, the gap is not measured and the profile is shown as continuous triangular faces. This is the reason why the latex is seen as a semi-sphere. Good agreement with a semisphere is seen in most parts except for ends of the sphere, despite the fact that the recovery of surface orientation is done by using a single image with gray-scale values.
The simple inverse cos law of eq. (1) gives unlimited d increase at angles y close to 90
. This approximation is strictly only valid for y < 80 . To improve agreement of the ends of the sphere, a correct generalization of the inverse cos law should be introduced [17] . However, such an approximation might take some time to calculate the gray-scale values. Table 1 range of variation and the SD over 30 runs of each of the algorithms. Figure 8 depicts the convergence curves of the best cost calculated from eq. (3) in each of the populations for the latex, averaged on the 30 runs for each of the algorithms. In general, the quality of the reconstructed surface profiles generated by the genetic algorithm and the hybrid algorithm is much better than that generated by the simulated annealing algorithm. This shows that the crossover operator enables useful partial solutions (building blocks) to be propagated and combined to construct better global solutions with every succeeding generation. (The simulated annealing algorithm was implemented in parallel from 100 starting points, though evolving independently.) The convergence curves of the hybrid algorithm appears to be the same as that of the genetic algorithm. However, the objective function values of the hybrid algorithm are less than that of the genetic algorithm over the entire range of generations. This difference in the objective function values is large considering that the corresponding reduced w 2 values of eq. (4). The same sample at a different location was analyzed to test the validity of our method. Figure 9 presents the result of the surface study for a location with three latexes. All of the features have the appearance of semi-spheres in most parts except for ends of the spheres, as discussed above. It should be noted that the increase of the number of vertices in a candidate solution leads to an increase of the total computation time and it takes $3.0 Â 10 5 s to obtain this result with the Dell PowerEdge 600SC server.
Concluding remarks
To extend the genetic algorithm approach for 3-D surface topography, this paper considers the use of a string coding where a 3-D surface topography is represented by the Delaunay triangulation of a set of coordinates of vertices.
To evaluate the efficacy of our method, a 3-D surface topography was successfully reconstructed from an SE image of latex particles. Genetic algorithm appeared to be a promising tool for the solution of the inverse problem. However it is relatively expensive in terms of computing time and resources, which is a weakness of the tool that renders it unsuitable for 3-D surface topography measurements. With a view toward alleviating the shortcomings, this paper considered the use of a hybrid algorithm. Experimental results showed that the hybrid algorithm exhibited superior performance as compared with the genetic algorithm in terms of the processing time.
Future research will investigate various refinements of the basic genetic algorithm and the hybrid algorithm in the context of topographical surface reconstruction. The difficulty in using the hybrid algorithm is the rate and timing of the temperature reduction steps, which is termed the annealing schedule: if too slow, a satisfactory solution might never be reached and, if too fast, then premature convergence to a local minimum might occur. An annealing schedule, which is dynamically dependent upon the runtime situation, will be investigated.
The application of genetic algorithms to digital signal processing in the SEM is still in the developmental stage. In its present implementation, the technique is too slow for practical reconstruction of 3-D surface topography. However, the parallel nature of genetic algorithms suggests that one can accelerate the technique with the availability of parallel processing in which the appropriate amount of work is distributed to each computer in the clustering system [18] . The processing time is then diminished as a function of number of computers. Parallel genetic algorithms will provide the basis for tackling problems in practical reconstruction of 3-D surface topography. Vol. 54, No. 5, 2005 
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